A rapid flow, 'open circuit, indirect calorimeter was used to study metabolic rates and cardiac frequencies of rats at rest and in response to three running speeds (14.3, 28.7, and 43.1 m/min) and five slopes (1, 5, 10, 15 and 20%). Validity of the system was established by observing respohses to the addition of mixed gases inc::luding 14 co 2 , and by comparing oxygen consumptions determined when anesthetized rats were placed in the open or a closed circuit system. Half response time of the system was 27 sec. With one rat in each system, o 2 consumptions were 3.631 
INTRODUCTION
Open circuit, indirect calorimetry has been used extensively to estimate metabolic rates of humans and large experimental animals.
Systems for determination of oxygen consumption (V0 2 ) in small animals have been suggested (10, 14, 18) , but these systems have been limited in their ability to determine carbon, dioxide produc~ion (VC0 2 ) or applicability for use in conjunction with systems where external work rate could be quantified. In view of long recognized effects of training on the cardio-vascular system, and recent work which describes increases in skeletal muscle respiratory capacity (12) and muscle fiber adaptations in response to physical training (2, 21) , it is important to describe heart rate (~H), ~0 2 ,· and ~co 2 in the intact rat during controll~d exercise.
Further, in view of the power possessed by isotope tracer techniques for the study of metabolism, it is important to quantify the production of 1 4co 2 following infusiori of 14 c tracers. Here we describe a sy~tem for determination of oxygen consumption, carbon dioxide production, carbon dioxide specific activity, and heart rate in rats at rest or during treadrrli 11 running.
METHODS
Description of Apparatus. A bottomless plexiglass chamber (9.5 em x 32.5 em x 11.5 em) (Figure 1 . Coiled ECG leads, made from cotton-covered manganim, are available ·inside the chamber for connection to subdermally implanted copper wire \ electrodes on the rat (transthoracic placement with ground above tail).
ECG is recorded on a third channel of the Brush recorder following ampli- Calculations. Oxygen consumption (~0 2
) and carbon dioxide production (VC0 2 ) were calculated essentially as described by Consolazio {4) for humans using the premise of pulmonary N 2 equality in ventilation and
. efficiencies employed in previous studies of humans (7, 9 A variety of experiments were performed to determine if loss of .
expired gas at the bottom of the chamber could affect results. The metabolic chamber (chamber flow 5000 ml/min, analyzer flow 500 ml/min) was sealed ~t the bottom by placing it in 1.25 em of water. A bypass .
"U-tube" was included to allow 5000 ml/min flow of ambient air into the chamber. Calibration gas of known composition was bled into the chamber through a small tube at a rate to produce a 0.5% increase in co 2 and a similar decrease in 0 2 . The chamber was then removed from the water and placed on a motionless treadmill. The "U-tube" was removed but flow of calibration gas was maintained. The co 2 and o 2 values observed with the chamber on the treadmill did not deviate from those observed over H 2 o, thereby establishing that insignificant gas exchange occurs at the chamber bottom. To determine the effect of belt movement, the treadmill was turned on and gas values were observed over a ten minute period. This procedure was repeated with 2.8 m/min increments in speed over the range of speeds of the treadmill (0 to 58 mmin). Transient fluctuations were observed at the onset and offset of belt movement, but no systematic change in observed gas values occurred due to belt speed.
The half response time of the system for gas analysis was established by two methods. First, the response to the admission of known gases into the chamber was recorded. Second, the response time of the total system (including trapping columns) was assessed by bleeding a,known amount of 14 co 2 into the metabolic chamber and quantifying the appearance 6f radioactivity in the traps. For this procedure 14 co 2 was generated for equilibration of both systems, followed by a 40 minute assessment of Oo 2 . At the end of the 80 minute procedure, the animals were exchanged between systems and the protocol was repeated. Ten repetitions were performed using different animals on different days. To achieve the effect of increasing the number of METS within the chambers, this protocol was repeated with two animals simultaneously in each system, the maximum number which could be accommodated.
Exercise protocol. Five female Wistar rats (Simonson Labs, Gilroy, California), two months old, were ~sed in a series of experiments to assess the affect of running speed and slope on ~0 2
, ~co 2 , and fH.
These rats were fed ad libitum on laboratory rat chovJ (Feedstuffs Processing, San Francisco) and were housed in separated cages maintained on a 12h/l2h, 6:00 AM/6:00 Pt 1 1), light/dark cycle. These rats were participa-• ting in a conditioning regime in accordance with the protocol of Holloszy (12) ~ and were currently training at 8° slope, l. 1 mph for 60 to 75 min/day, 5 days/w~ek. In addition, rats were familiar with running Table 1 inside the metabolic chamber. On five separate occasions, at least one day apart, rats ran continuously at three incremental speeds ( Table 3   Table 4 .0 .. c . .
,J u 0 0 6 s with those obtained previously by Denckla (6) on resting female rats.
Sunmarized data of VOi, R, fH, body weight, and external work performed by the exercising rats are given in Table 2 . The relationship between caloric equivalent of o 2 consumed and caloric equivalent speed of running on a constant grade in exercising rats (Figure 4 ) appears ·increasingly non-linear as the inclination of running is increased. A similar trend is apparent in the relationship between heart rate and speed on constant grade ( Figure 5 ).
Correlation coefficients between vo 2 and external work, between vo 2 and fH, and between fH and external work, are expressed both as a function of speed at any given slope, and as a function of slope at any given speed (Table J) . The correlations with speed at any given slope are higher (range .69 to .93) than the correlations across slope at each speed (range .21 to .68).
Calculated "apparent" muscular efficiency (Table 4A) increases as a function of running speed, but for a given external work output (eg., l cal.), the metabolic rate at higher running speeds is greater than at slower running speeds (Figure 4 ). The calculated "gross" muscular efficiencies, therefore, decrease as speed increases (Table 48 ).
DISCUSSION
We have described a versatile rapid response system enabling quantification of metabolic rate of laboratory rats during treadmill exercise.
In addition to allowing the assessment of metabolic and ~ardiac frequency responses under a wide range of exercises, the system lends itself to quantification of 14 co 2 evolution following 14 c tracer infusion. The strong regression between vo 2 and fH observed in this study should allow estimation of metabolic responses in rats without use of sensitive gas 7 analysis equipment (Table 3C ).
Determinations of VC0 2 and V0 2 on rats during exercise in this study result in values of respiratory exchange which increase in response to ext~rnal ~ork load (Table 2 ). However, even at low workloads, R was seen to exceed unity. We attribute this result at low workloads to the excitement of animals during exercise.· When placed on the treadmill to exercise, rats squealed and responded to easy exercise with uneven pacing. Evidence that the elevated values of R observed in this study were transitory and due to excitement is found in other data we have and ~1.0% lower than our observed values at these speeds.
The increasingly non-linear responses or' vo 2 (and vco 2 ) to speed of running at increasing inclinationS is a curious observation ( Table   2 , Figure 4 ). It ;s likely that the plateau in ~0 2 (or at least the beginning of a ~lateau) at 43.1 m/min is a true break in linearity. At any 'given slope, the animal may be approaching a vo 2 max for that particular inclination. In humans V0 2 max appears to depend on the amount of muscle mass involved in the exercise, up to some critical mass (1). It is possible that we observed higher values of V0 2 at greater inclinations of running in rats due to an increased involvement of metabolically active tissue. This conclusion is consistent with related findings by others. One adaptation of s~elatal muscle fibers to prolonged physical training is an increase in their oxidative capacity (2, 12) . This adaptation seems to be dependent in part on the level of training (8). Terjung Our values determined at l% -inclination are consistent with that observation.
Howev·er, their values are approximately 6.0% greater at the three running speeds the two studies share in common. This is· not surprising since Barnard, et .!}_. used untrained rats. Training-induced bradycardia is· well ddcumented for resting heart rates in rats (13, 22) .
Another factor which may have produced non-linear relationships between' vo 2 · and ·speed on constant slope, was the erratic pacing of rats at lower workloads. At lower speeds and slopes rats tend to utilize their power inefficiently and their running is accompanied by extraneous activity. As the work intensity increases, however, rats are forced to devote their energies to the external workload.
Hence, the constancy of pacing and economy of motion at higher grades may give rise to the results of a non-linear relation-ship between vo 2 11 and work, and a greater calculated ••apparent" efficiency with increasing speed.
When considering effect~ of speed and inclination of running on muscular efficiency, one must be careful that the definition of efficiency utilized does not produce results that are at odds with the experimental data. As has been discussed previously (7, 9) , use of the 11 apparent", "delta", or similar definitions of efficiency minimize artifacts associated with baseline selection. However, in using a definition of efficiency based upon the regression of slope of ~0 2 on external work, one must be careful that a greater efficiency, calculated on the basis of a lesser slope, is not contradicted by a greater caloric cost, or lesser "gross" efficiency. We, therefore, have estimated efficiency by both "apparent"
and "gross" definitions. We have observed a positive relationship between increasing "apparent" efficiency and speed (Table 4A , Figure 4 ). This observation is similar to that reported previously by Wunder (24) .
greater V0 2 responses. With rats, however, there is rro ·cicat ion that the curves are increasing exponentially, but rather UH · : ."'"es tend to reach an asymptote para lle 1 with the abscissa as W11r ~. ·: --~ increases.
Secondly, with humans, increments in speed have the t~i ft:·:: :.1f increasing V02 exponentially (e.g., in a plot of vo2 against W<Wk !".: , at different speeds for humans during walking they intercepts wouJ.~ :.· >_.!Xponentially ordered with linear increments in speed), while ivith r.:·_ · · c observed that the increment in vo2 for increasing speed to 43.1 ,. r from 28.7 m/min was less tha'l that for increasing speed to 28.7 f~:··· ~4 .. 3 m/min.
These differences are probably in part related to differ~~~~s in bipedal and quadraped~l forms of locomotion, and the tran~itio~s :~:ween walking to running and trotting to galloping. These differences ~~~also be due to the relatively high resting metabolic rate iri rats, -:he limited capacity of rats to expand vo 2 , and to the r~cruitmenf o: ;lycogenolytic, glycolytic muscle fibers in hard exercise. If in the ra~ -unning at high speed the totality of ATP required for work is not ~~-ived from respiration, then the observations of an increased appar~-: muscular efficiency at high speeds, and the vo 2 curves approachi~; ~symptotes parallel with work rate as work _rate increases may be ex;-cined. 
